One of the most fascinating aspects of an animal's brain is its ability to acquire new information from experience and retain this information over time as memory. The search for physical correlates of memory, the memory engram, has been a longstanding endeavor in modern neurobiology. Recent advances in transgenic and optogenetic tools have enabled the identification, visualization, and manipulations of natural, sensory-evoked, engram cells for a specific memory residing in specific brain regions. These studies are paving the way not only to understand memory mechanisms in unprecedented detail, but also to repair the abnormal state of mind associated with memory by engineering.
Introduction
Understanding the material basis of memory remains a central goal of modern neuroscience [1, 2] . Descartes proposed that mental capacities, specifically memory, must be represented in the brain [3] . At the onset of the 20th century, Richard Semon theorized that learning induces enduring physical changes in specific brain cells that retain information of the experience and are subsequently reactivated by appropriate stimuli to induce recall. He termed these physical changes the engram [4, 5] . Another term that is used by some contemporary neuroscientists is memory trace, which can be considered to be equivalent to Semon's engram. Even after Semon's engram theory, some leading scholars wondered whether memory is physically represented in the brain or psychically represented in the mind. It was Karl Lashley who advocated the physical theory of information storage in the central nervous system. In particular, Lashley adopted the concept of the engram and was among the first to attempt to localize memory engrams in the brain [6] . While Lashley's idea of Mass Action was later empirically disproved, some researchers after him continued to identify the location of memory representations in the brain [7] . In this review, we will discuss recent experimental studies demonstrating that memory is indeed stored in specific populations of brain cells and their associated circuits, with a focus on memory manipulation studies. More comprehensive reviews of recent memory engram studies, including early attempts, is available elsewhere [8 ,9
,10].
Engram cell identification
Several groups found that cell populations active during the acquisition of a fear memory were preferentially reactivated during the recall of that memory in different areas of the mouse brain, such as the amygdala [11 ], the hippocampus [12,13], layer II cortical areas including sensory cortex [14, 15] , and the prefrontal cortex [16] . Another approach that has been used to identify possible engram cell populations in the rodent brain employed the random overexpression of the transcription activator cAMP response element-binding protein (CREB) in a small population of neurons, making these cells more likely to be recruited to become a part of putative engram cell populations during subsequent learning [17] . By selectively manipulating these high-CREB cells via diphtheria toxin-based ablation [18 ] or genetic-based inhibition [19 ,20-23] memory recall was disrupted in mice. More recent studies showed that a shared neuronal ensemble is capable of linking distinct memories, only when two experiences occur close in time during periods of high excitability in hippocampal CA1 [24] and lateral amygdala [25] . Further, novel context exploration during a narrow time window before or after weak object recognition training results in the formation of a long-term object recognition memory [26] .
The most direct evidence of engram cells should come from gain-of-function manipulations, where a population of neurons activated by learning is artificially reactivated to mimic behavioral recall elicited by natural cues [27] . By combining the activity-dependent, doxycycline-dependent c-fos-tTA system and channelrhodopsin-2 (ChR2)-mediated optogenetics, researchers were able to tag a sparse population of dentate gyrus (DG) neurons activated by contextual fear conditioning with ChR2 in mice [28 ] . Subsequently, when these cells were reactivated by blue light in a context different from the original one 
